Objective. Cognitive behavioral therapy has been shown to be effective for treating chronic pain, and a growing literature shows the potential analgesic effects of minimally invasive brain stimulation. However, few studies have systematically investigated the potential benefits associated with combining approaches. The goal of this pilot laboratory study was to investigate the combination of a brief cognitive restructuring intervention and transcranial direct current stimulation (tDCS) over the left dorsolateral prefrontal cortex in affecting pain tolerance.
conditions tested. Future research might find stronger interactive effects of combined tDCS and a cognitive intervention with larger doses of each intervention. Because this controlled laboratory pilot employed an acute pain analogue and the cognitive intervention did not authentically represent cognitive behavioral therapy per se, the implica
Introduction
Although effective for acute pain management, opioid therapies are overly relied upon to manage chronic pain despite a lack of evidence supporting long-term efficacy [1] [2] [3] . A growing literature highlights significant concerns with chronic opioid management, including analgesic tolerance, physical dependence, opioid-induced hyperalgesia, addiction, diversion, overdose, and death [1, 3, [4] [5] [6] [7] . Because chronic pain is a complex disorder involving sensory-discriminatory, motivational-affective, and cognitive-evaluative processes, cognitive as well as biological targets for intervention are possible. Cognitive behavioral therapy (CBT) is effective in reducing pain [8, 9] , frequently targeting the commonly observed phenomenon of pain catastrophizing among individuals with chronic pain [10, 11] . Catastrophizing may influence the pain experience by enhancing attention to painful stimuli [12] [13] [14] . Further, catastrophizing is associated with the brain regions involved in cognitive responses (dorsolateral prefrontal cortex [DLPFC] ) and limbic reactions to pain (anterior cingulate cortex) [15] . CBT for pain may modulate activity in limbic brain areas via activation of the dorsolateral prefrontal cortex [16] with a resultant increase in cortical control over the pain experience. While CBT has been primarily studied as a treatment for chronic pain conditions, a recent study [17] found that a brief cognitive intervention delivered prior to back surgery was associated with decreased analgesic use and improved mobility during the acute postoperative period. This promising preliminary finding suggests that there might be a role for cognitive interventions in acute pain management, although much more work is needed in this area. When delivering cognitive interventions in acute pain settings, the wellstudied CBT approach is not directly applicable due to time and other logistical constraints. Instead, brief cognitive interventions might be created as an analogue to CBT for use in laboratory or acute pain management settings.
Recently, minimally invasive brain stimulation strategies have been used to stimulate the DLPFC to reduce experimentally induced acute pain as well as chronic pain. Repetitive transcranial magnetic stimulation (rTMS) has been used to treat medication-resistant chronic pain conditions, such as fibromyalgia and phantom limb pain [18] [19] [20] [21] , to reduce pain in experimental settings [22] and to reduce acute postsurgical pain [23] [24] [25] . When targeting the left DLPFC for pain with rTMS, high-frequency stimulation (10 Hz or greater) appears to have the most robust effects. Low-amplitude transcranial direct current stimulation (tDCS) has begun to receive more attention as a stimulation technique in the treatment of pain given its lower cost relative to rTMS and increased ease of use outside of experimental settings [26] . In general, anodal tDCS tends to reproduce the main effect of highfrequency rTMS, which is a decreased sensitivity to cold stimuli and a reduced susceptibility to cold pain [22] . It is generally accepted that cortical excitability is reduced by cathodal tDCS and increased by anodal tDCS because of induced processes of axonal hyperpolarization and depolarization, respectively [22] . Initial evidence suggests benefit of tDCS in reducing perceived pain and increasing pain tolerance [22] . In a recent study of patients who underwent endoscopic retrograde cholangiopancreatography (ERCP), there was a significant reduction in acute postprocedure pain and patient-controlled analgesia (PCA) use among patients who received active tDCS at 2 mA over the left DLPFC compared with those who received sham [27] . Similar effects for 2 mA tDCS on acute postsurgical pain were seen among patients undergoing lumbar surgery [28] and total knee arthroplasty [29] . Activation of the DLPFC may affect overall pain perception via modulation of the emotional aspects of the pain experience and perceived controllability of pain [30, 31] .
While several studies support the efficacy of CBT for treating chronic pain and a growing literature shows the analgesic effects of minimally invasive brain stimulation technologies in neuropathic pain, postsurgical pain, and laboratory-induced pain, few published studies to date have combined these two intervention strategies [32, 33] . One study found improvement in bodily pain quality of life in fibromyalgia patients using motor cortex tDCS combined with a multidisciplinary pain rehabilitation program [32] . Another found no effect for tDCS over motor cortex prior to cognitive intervention in patients with low back pain [33] . However, neither study investigated the impact of tDCS over the prefrontal cortex combined with a cognitive intervention, and neither examined the impact of the interventions on acute pain. Some have suggested that tDCS is state dependent [34, 35] . Thus, tDCS might prime and modulate prefrontal circuitry, resulting in an enhanced capacity to tolerate and downregulate the emotional component of the pain experience, while CBT can teach the skills necessary to maintain these gains, thus creating an additive effect. The goal of this pilot study was to investigate the combination of a brief cognitive intervention (BCI) and tDCS in affecting pain tolerance in an experimental laboratory setting. Specifically, the current study examined whether a BCI, tDCS, or the combination of a BCI and tDCS enhances heat-related pain tolerance in healthy adults.
Methods

Participants
Eighty-seven (N ¼ 87) healthy adults initially enrolled in the study. However, eight did not yield usable lab pain data due to hardware and/or software failure and were excluded prior to study unblinding (discussed below). All analyses are based on a final sample of 79 healthy adults. Age of participants ranged from 18 to 56 years (mean ¼ 35 years, SD ¼ 11.4 years), with 66% females participating in the study. Group-level age and sex data are provided in Table 1 . The sample was predominantly Caucasian (51.1%) or African American (42.6%). Participants were excluded if they were pregnant, had any chronic pain conditions, seizures, a family history of a seizure disorder, were actively suicidal, had implanted metal devices (e.g., pacemakers, metal plates, wires), had a history of brain surgery or history of loss of consciousness of more than 15 minutes, were taking any medication associated with lowered seizure threshold, or were allergic to latex. These exclusion criteria were determined through an interview with a trained Bachelor's-level research assistant. All participants signed a written informed consent approved by the institutional review board at the Medical University of South Carolina.
Laboratory Pain Assessment
The ATS thermode of the Medoc Pathway system (Medoc Advanced Medical Systems Ltd., Durham, NC, USA; 30 mm 2 electrode), attached to the left volar forearm of participants' left arm approximately 5 cm from the wrist, delivered cutaneous warm stimuli. The thermode heated from room temperature (32 C) at a rate of 0.25 C per second. Participants controlled the thermode with a handheld button and were instructed to stop the thermode from heating once they could "no longer tolerate the pain." Pain tolerance was selected as the primary outcome of interest because it is thought to involve more of the affective dimension of pain that would likely be impacted by both tDCS and cognitive interventions [15, [22] [23] [24] [25] 27, 31, 36, 37] . The thermode was programmed to stop heating at 52 C to avoid the possibility of tissue damage. A total of five trials were delivered for pre-and post-tolerance assessments, and the mean of each of the five trial runs was used for analysis (see [38] [39] [40] [41] [42] for a more in-depth review of standard thermal quantitative sensory testing [QST] methodology, reliability, and validity).
Transcranial Direct Current Stimulation
A single 20-minute transcranial direct current stimulation session was conducted with the Phoresor-II Auto (Model PM850, Iomed, Salt Lake City, UT, USA; this product is not labeled for the use under discussion) using 2.0 mA current. Electrodes were 4Â4 cm sponge electrodes soaked in sterile saline. One electrode was placed over the left DLPFC (F3 from the EEG 10-20 system) located via the Beam F3 measurement system [43] . The other electrode was attached to the right shoulder to isolate the effects of directional current flow on the brain area of interest and to minimize confounding effects of potential distal brain changes associated with placement of the reference electrode over cortical areas that might impact pain perception and/or cognitive processing [44] . For sham tDCS, the device was turned on for 30 seconds to temporarily mimic tingling and skin sensations of verum tDCS and then ramped down to 0 mA for the duration of the 20-minute session. This sham procedure is currently widely employed in the field and has been shown to yield effective blinding results in double-blind, controlled trials [37, 45] . The device was attached to a laptop computer running customdeveloped software interfacing with an ONTRAK ADU218 device that handled participant randomization in a manner that was masked to both the participant and device operator. This system would receive a signal from the laptop controller based on the subject number and randomization and would deliver anodal, cathodal, or sham stimulation to the participant, resulting in a double-blind experiment such that neither the research assistant nor the participant was aware of the group assignment. The current density and total charge delivered by the above parameters are consistent with those used safely in the current research literature on tDCS [46] . Participants were given vitamin E cream to apply to the scalp following tDCS to reduce possible skin irritation.
Brief Cognitive Intervention
Participants listened to a three-minute audio recording designed to mimic key components of CBT for pain. Thus, we sought to create a laboratory analogue of CBT for the purposes of examining its potential effects on acute pain under controlled conditions. The audio was delivered through headphones during the tDCS session. The content of the BCI included 1) psychoeducation (e.g., information about nature of the thermal pain tolerance task, information about the minimal risk of thermal stimulation to do harm, information about the participant's capacity to control/stop the stimulation at any time), 2) cognitive restructuring (e.g., information and examples of negative or paincatastrophizing thoughts, how to recognize negative thoughts, how to change negative thoughts into positive or self-supportive thoughts regarding pain tolerance), and 3) distraction behavior (e.g., encouragement to engage in tasks like slowly counting backwards from 10 to distract from the pain and to challenge impulses to stop the painful stimulation early). Participants not receiving the brief cognitive intervention (education-only group) listened to a three-minute audio recording that provided information about 1) pain physiology (e.g., function and purpose of pain, information about transduction, transmission, and modulation), 2) gate theory of pain (e.g., information about spinal and brain stem processes involved in limiting pain signals reaching the level of perception), and 3) central pain processing (e.g., sensory, affective, and cognitive dimensions of the pain experience, information about pain processing in the reticular system, somatosensory cortex, and the limbic system). These audio recordings were balanced for length and number of words and were written at an eighth-grade comprehension level. The same person's voice was used for each recording. Because the audio was delivered through headphones, the experimenter remained blind to BCI condition.
Internal Validity of the BCI and Education-Only Control Conditions
A six-item post-test was administered to all participants to evaluate whether they absorbed content uniquely related to their assigned psychological condition (BCI or education-control). This challenging multiple-choice knowledge test included three items unique to the pain education intervention and three unique to the BCI intervention. For example, a pain education-targeted question asked about the peripheral pain transmission system, while a BCI question asked about thoughts that can influence pain perception. Thus, we hypothesized that participants in the education-control group should perform better on the pain-education items than participants in the BCI group, and participants in the BCI group would perform better on the BCI items than the pain education items. This feature was included in the study to yield information about the engagement of participants in the audio-recorded content and to ensure that the groups differed on cognitive variables of interest after the intervention.
Study Design and Procedures
Flyers were distributed around the medical center campus to recruit volunteers. A research assistant conducted an initial phone screening to determine inclusion/exclusion criteria. Participants meeting inclusion criteria were invited for an onsite appointment and informed of study procedures. Written informed consent was obtained by all participants. The study lasted approximately one hour, and participants were compensated $40.00.
Participants were randomized into one of six groups: 1) anodal tDCS plus brief cognitive intervention; 2) anodal tDCS plus pain education; 3) cathodal tDCS plus BCI; 4) cathodal tDCS plus pain education; 5) sham tDCS plus BCI; and 6) sham tDCS plus pain education. Participants underwent five baseline trials of the heat tolerance laboratory pain test. Then, during the 20-minute tDCS stimulation, participants also underwent the cognitive or educational intervention of the study. After completion of the tDCS session, participants again underwent five consecutive trials of the heat tolerance laboratory pain test. Participants then completed the multiple-choice knowledge test that included items unique to both the pain education intervention and the BCI intervention. At the completion of the vist, participants were asked if they thought they received real or sham tDCS stimulation.
Statistical Analyses
For mask integrity evaluation, chi-square tests were used to evaluate the number of participants correctly guessing whether they received real or sham tDCS. Independent samples t tests were used to determine whether differences existed in performance on the postintervention knowledge test as a function of cognitive group assignment (BCI vs education-only). Critical alpha was set to 0.05 for the internal validity analyses. A 6 (group) Â 2 (time; pre-postintervention) mixed analysis of covariance (ANCOVA) was used to examine the effect of the different interventions on thermal pain tolerance while covarying pre-intervention pain tolerance and participants' guesses of whether they received real or sham stimulation (to control for baseline tolerance differences and expectancy effects). Critical alpha was set to 0.05 for the ANCOVA model. Independent samples t tests were used for post hoc analysis of thermal pain tolerance changes between groups (percent change from baseline). Critical alpha was set to 0.01 for the post hoc analyses (Bonferroni-corrected for five between-group comparisons). Post hoc paired-samples t tests were also conducted (pre-to postintervention) for each group to clarify better the nature of the ANCOVA interaction. Critical alpha was Bonferroni-corrected to 0.008 for this set of post hoc analyses (six pair-wise comparisons).
Results
Blind Integrity
At the end of the laboratory session, participants were asked to indicate whether they thought they received real or sham tDCS. The base rate for correctly guessing real vs sham was 50%. Overall, 56% of participants correctly guessed whether they received real tDCS or sham tDCS, which is not different from chance (P ¼ 0.24). The correct guess rate was not different from chance regardless of condition: the anodal tDCS group guess rate was 52% (P ¼ 0.85); cathodal tDCS was 50% (P ¼ 1.0); sham tDCS was 66% (P ¼ 0.08); BCI group was 62% (P ¼ 0.10); the education-only group was 50% (P ¼ 1.0). These findings suggest that participants were sufficiently blinded to tDCS condition, thereby limiting the potential impact of expectancy and placebo effects.
BCI vs Education-Only Intervention Validity
Participants in the education-only condition scored significantly higher on the pain knowledge items (51% correct; SEM ¼ 5%) than those in the BCI group (28% correct; SEM ¼ 4%; t(85) ¼ 3.58, P < 0.001). Participants in the BCI group scored significantly higher on the BCI knowledge items (92% correct; SEM ¼ 2.8%) than those in the education group (73%; SEM ¼ 4.1%; t(85) ¼ 3.80, P < 0.0001). These findings suggest that participants were engaged in the audio presentation and learned material unique to their assigned psychological condition, supporting intervention validity.
Laboratory Pain Data
Examination of the ANCOVA assumptions from the 6Â2 model suggest equality of variances (Levene's Test; F(5,69) ¼ 1.53, P ¼ 0.19) but inequality of covariance matrices (Box's M; F(15,21827.78) ¼ 1.67, P ¼ 0.05). Thus, Greenhouse Geisser values are reported. Examination of the studentized residuals of the model suggests that the normality assumption was met (Kolmogorov-Smirnov test ¼ 0.093, P ¼ 0.18). The assumption of independent random samples was met via the employment of the randomized, between-groups nature of the study design.
The 6Â2 mixed ANCOVA results indicate a significant main effect for time (pre-postintervention) on thermal pain tolerance (F(1,67) ¼ 32.10, P < 0.0001; partial eta squared ¼ 0.32), a significant effect of the preintervention (baseline) pain tolerance scores (F(1,67) ¼ 29.52, P < 0.0001; partial eta squared ¼ 0.31), and a significant time Â group interaction effect (F(5,67) ¼ 3.92, P ¼ 0.004; partial eta squared ¼ 0.23) after controlling for expectancy effects (participants' guesses as to whether they received real or sham stimulation), although this covariate term was not significant in the model (F(1,67) ¼ 0.006, ns). Mean and standard deviation thermal pain tolerance information pre-and post-intervention by group is provided in Table 1 .
Post hoc analyses (independent t tests) comparing percent change in thermal pain tolerance between participants who received sham tDCS and pain education only (i.e., control group) with each of the five groups that received at least one active intervention suggest that all groups evidenced significant analgesic advantages over controls except for the anodal tDCS þ education-only group (t(26) ¼ 0.45, ns). The cathodal tDCS þ education-only group evidenced a significantly greater increase in thermal pain tolerance compared with the control group (t(24) ¼ 2.98, P ¼ 0.007), as did the sham tDCS þ BCI group (t(25) ¼ 3.18, P ¼ 0.004) and the anodal tDCS þ BCI group (t(25) ¼ 3.00, P ¼ 0.006). Overall, cathodal tDCS combined with the BCI produced the largest analgesic effect (t(21) ¼ 3.81, P ¼ 0.001) (see Figure 1 and Table 1 ). Pairwise comparisons (pre-to postintervention) within each group suggest significant within-subject improvement in thermal pain tolerance in the cathodal tDCS þ BCI group (t(9) ¼ 3.87, P ¼ 0.004), the anodal tDCS þ BCI group (t(13) ¼ 3.47, P ¼ 0.004), the sham tDCS þ BCI group (t(13) ¼ 4.02, P ¼ 0.001), and the cathodal tDCS þ education-only group (t(12) ¼ 3.69, P ¼ 0.003). There was no significant improvement in the anodal tDCS þ education-only group (t(14) ¼ 0.34, ns), nor in the sham tDCS þ education-only group (t(12) ¼ 0.34, ns).
Discussion
This is the first experimental study to evaluate the individual and combined effects of a brief cognitive intervention and prefrontal tDCS on pain tolerance using a laboratory pain analogue. This laboratory study in healthy young adults showed that compared with education alone, the BCI produced an increase in pain tolerance, after controlling for baseline thermal pain tolerance. Our finding with regard to the BCI supports the growing evidence that cognitive interventions can be beneficial in helping individuals manage perceptions of pain and live with pain conditions [9] ; CBT is increasingly being used to treat chronic pain [47] , but much more work is needed to determine the viability and value of cognitive interventions for acute pain management. With the devastating effect that pain conditions can have on individuals' functioning and quality of life, finding ways to enhance individuals' ability to tolerate and manage pain is critically important. Findings from this study underscore the importance of cognitive approaches for pain management given that participants evidenced significant increases in thermal pain tolerance after only a very brief (approximately three-minute) intervention.
Moreover, we found that cathodal tDCS over the DLPFC produced an increase in pain tolerance exceeding that of sham and anodal tDCS. Findings regarding laterality of the DLPFC and tDCS effects on pain are mixed [27, 31, [48] [49] [50] . These findings may be a consequence of the relative lack of focalization of stimulation possible with tDCS. The sponge electrodes used in this study, which are consistent with most tDCS protocols, result in a relatively large surface area of possible stimulation (16 cm 2 ). While this study was designed to stimulate the DLPFC, the actual brain region stimulated may have been somewhat different from the original intent. Increased pain tolerance may have been the consequence of stimulating a proximal region to the DLPFC, such as the dorsal anterior cingulate cortex (dACC). Mariano and colleagues' [36] preliminary findings with 40 healthy volunteers suggest that cathodal tDCS of the left dACC may increase pain distress tolerance. Future research should consider more focalized approaches to tDCS stimulation, such as high-definition tDCS [51] . An advantage of the present study was the isolation of a single tDCS-stimulated brain area via attaching the reference electrode to the shoulder. When both electrodes are placed on the scalp (as is commonly done), each electrode can have different (and perhaps interacting) effects on cortical processing. By placing the reference electrode on the shoulder, we sought to isolate the effects of directional current flow on the brain area of interest (left DLPFC) and to minimize confounding effects of potential distal brain changes associated with placement of the reference electrode over cortical areas that might impact pain perception and/or cognitive processing [44] . It has been suggested that tDCS is state dependent [34, 35] . Thus, tDCS might prime and modulate prefrontal circuitry, resulting in an enhanced capacity to tolerate and downregulate the emotional component of pain experience, while CBT can teach the skills necessary to maintain these gains, thus creating a potential synergistic effect. The goal of this pilot study was to investigate the combination of a brief cognitive intervention and tDCS in affecting pain tolerance in an experimental laboratory setting. The largest overall effect observed in the study suggested by post hoc analyses was that of the cognitive intervention. With respect to brain stimulation, only cathodal tDCS was effective as monotherapy. While BCI þ anodal tDCS produced a larger effect than anodal tDCS alone, much of the observed effect was likely due to the BCI. Cathodal tDCS þ BCI, while producing the largest analgesic effect in the study, only appears to suggest a mild additive benefit, rather than a large synergistic effect. More work is needed, with larger samples to parse out the details of the relative impact of both BCI and tDCS alone and in combination.
This proof-of-concept study provides support for the possibility of combining two modalities to modulate underlying neural pain networks. The combination was well tolerated, with no participants dropping out of the study. Future research might find greater interactive effects of combined tDCS and a cognitive intervention with a larger "dose" relative to the brief three minutes of the cognitive intervention in this study. The combination of behavioral engagement strategies with minimal brain stimulation technologies has shown promise in myriad rehabilitation settings, such as among poststroke patients undergoing physical therapy combined with tDCS [52] . This current study lends preliminary support to the potential of cognitive therapy approaches combined with minimally invasive brain stimulation technologies in improving pain tolerance. Future research can build on these initial findings with modified placement and intensity of stimulation, as well as combining the behavioral strategies prior to, during, or after brain stimulation.
Conclusions
The results of the present pilot study the showed significant benefit of a brief cognitive intervention and tDCS on pain tolerance, although continued research is needed to determine the unique nature of the benefits of combining such interventions. Exposure to very brief interventions via cognitive coaching and tDCS significantly increased individuals' ability to tolerate heat discomfort, suggesting that the use of such interventions in dealing with pain conditions may be beneficial even in short increments. Continued research in this area may help to inform treatment of pain-related conditions and how psychological aspects of treatment and brain stimulation may be better integrated into the medical treatment approach for pain conditions.
